We tested the effects on laser ablation of ref lection losses and nonnormal incidence on the anterior cornea. We measured presurgical and postsurgical corneal asphericity in 94 myopic eyes, comparing it with the corneal asphericity predicted by the Munnerlyn formula, modified or not, with an adjustment factor that takes into account the two effects mentioned above. The predictive power of the experimental results was stronger when we considered the adjustment factor. We propose to modify ablation algorithms by taking this adjustment factor into account, especially in customized corneal ablation, which needs high accuracy for correcting eye aberrations. © 2003 Optical Society of America OCIS codes: 170.1020, 170.4470. Refractive surgery is evolving toward customized corneal ablation intended to correct individual eye aberrations.
Refractive surgery is evolving toward customized corneal ablation intended to correct individual eye aberrations. 1, 2 For accurate control of the aberrations it is important to ascertain and quantify the effects of various factors involved in corneal ablation. Some of these factors are 3 decentration, type of laser, optical role of the f lap, nonnormal incidence of the laser, ref lection losses of the laser on the cornea, wound healing, biomechanical effects, and technical procedures.
Mrochen et al. 3 showed that two physical factorsref lection losses of the laser on the cornea and nonnormal incidence when the laser beam is moved vertically parallel to the optical axis of the cornea -may inf luence ablation patterns. Recently Jiménez et al. 4 proposed an equation that quantifies the effect of these two factors. This study provides an adjustment factor that is valid for all ablation algorithms used in photorefractive laser surgery. The analytical expression of this adjustment factor is 4 r͑a, y, R, p͒ ͑1 2 0.0435a͒ 2 ay 2 2R 2 1 a͑0.232 2 0.5p͒y
where R and p (the p-factor) are the presurgery corneal radius and asphericity, respectively, and y is the incident height over the optical axis. a is a parameter that depends on the laser exposure: a 1͞ln͑F 0 ͞F th ͒, where F 0 is the incident exposure of the laser pulse (energy per illuminated area) and F th is the threshold exposure for the ablation. We apply this adjustment factor, deduced 4 by taking into account the cosine law for radiometry and Fresnel equations, by multiplying the ablation algorithm by the factor given in Eq. (1) .
An important ocular parameter that describes the shape of the cornea is corneal asphericity (p-factor). Variations in the p-factor decisively inf luence eye aberrations and visual functions such as the contrastsensitivity function. The inf luence of the adjustment factor on postsurgical corneal asphericity may be quantified when the paraxial Munnerlyn formula is applied. In that case we f ind that postsurgical corneal asphericity, p adj 0 , as a function of presurgery parameters is given by
where D is the number of diopters needed for correction and d is the ablation diameter. Although they are proprietary, most noncustomized algorithms rely on the paraxial Munnerlyn formula. According to this formula, the ablation depth, s͑ y͒, is given by 
To apply Eq. (3) it is necessary only to know two parameters before surgery: the number of diopters needed for correction and the ablation diameter; data on the corneal radius are not necessary. When the Munnerlyn formula, Eq. (3), is applied without consideration of the two physical factors mentioned above, the postsurgical asphericity, p Munn 0 , is given by
Experiments have demonstrated a notable increase in corneal asphericity after refractive surgery. 5 A theoretical analysis of Eq. (4) partially explains this phenomenon. 4, 6, 7 Recently Anera et al. 6 showed experimentally that the Munnerlyn formula is the main factor that accounts for asphericity changes. But this formula does not completely explain these changes, perhaps because of the factors named above, which can hamper achievement of the asphericity predicted by the Munnerlyn formula. The inf luence of these factors is important in controlling laser ablation with high accuracy.
Here we examine whether the use of the adjustment factor in the ablation algorithms will provide a better 0146-9592/03/060417-03$15.00/0prediction of real experimental results for corneal shape. We test whether the changes in postsurgical asphericity, when the Munnerlyn formula is applied, more closely approximate the real data when Eq. (2), which takes into account the adjustment factor, is applied. If they do, it will be important to add this adjustment factor to the ablation algorithms.
In this context we performed the following experimental study: First we measured the presurgical and postsurgical corneal asphericity for 94 myopic eyes (53 patients) and compared the experimental data with those predicted by Eqs. (2) and (4). All patients, before participating in the study, gave their informed consent in accordance with the Helsinki Declaration. They were operated on by the Lasik (laser in situ keratomileusis) method at a clinic that specializes in refractive surgery; the Esiris scanning spot excimer laser was used with a noncustomized procedure. With this procedure, no aberration correction is intended and the ablation algorithm is based on the Munnerlyn formula [Eq. (3)]. The ages of the patients ranged from 21 to 45 years. Their mean preoperative spherical refractive error was 24.60 6 2.3 (standard deviation), ranging from 21.25 to 28.5 D. To avoid variables or surgical complications that might affect corneal asphericity and thereby mask the aim of our study, we studied patients for whom a successful operation would satisfy certain criteria. Thus, the patients were required to fulf ill the following conditions: After 3 months (we verified that the corneal asphericity remained stable from 3 months on 6 ), they were satisf ied with the outcome of the surgery, they no longer used any form of optical correction, and their mean postoperative spherical refractive error did not exceed 0.5 D. No patient had preexisting abnormal conditions (e.g., glaucoma, corneal or neuro-ophthalmic diseases, cataracts) that might affect the visual acuity.
Data on corneal topography (radius of curvature and p-factor) were taken by a previously calibrated EyeSys-2000 topographer following the Holladay Diagnostic Summary Report. 4, 5 To minimize instrumental errors we checked the accuracy of the topographer 8 by measuring the radius and corneal asphericity several times, obtaining very similar results. The p-factor data provided by the topographer were taken for a pupil diameter of 4.5 mm. This pupil size ensures that corneal data do not include transition zones that have radii and asphericity that differ from those of the optical zone. The values of p adj 0 and p Munn 0 [Eqs. (2) and (4)] were calculated from presurgery (R, p, and D) data, the ablation diameter, and the postsurgical radius of each patient. Although p adj 0 and p Munn 0 were calculated for each patient, we show average data in our figure for clarity and simplicity. The value of a that corresponds to the laser used in the clinic could not be experimentally determined. In any case, experimentally the a values ranged 3,4 from 0.62 to 1.14. We calculated Eq. (2) for these two values and an intermediate value of a 0.88.
Our results are presented in Fig. 1 and Table 1 ; both include average data for all patients. A notable increase in postsurgical asphericity was found, 5, 6 which exceeded even the prediction by the Munnerlyn formula (without the adjustment factor) that other authors have made 6 (see Table 1 and the longer-dashed line in Fig. 1 ). It should be noted that this increase in postsurgical data that exceeded the Munnerlyn formula was followed by the individual data for 92 eyes (98%). For the other two eyes, an increase in postsurgical asphericity was detected, but it was of the same magnitude as indicated by the Munnerlyn formula.
The effect of the adjustment factor on corneal asphericity was evident ( Fig. 1 a Corneal asphericity average predicted by the Munnerlyn formula with and without the correction given by the adjustment factor for a 0.62, 0.88, 1.14. The percentage of correct predictions in each case is also given. the predicted asphericity averages proved higher when we considered the adjustment factor [Eqs. (1) and (2)]. The data that we predicted by using the adjustment factor with the three a values tested were closer to the experimental data; this tendency improved as the value rose. In any event, the averages for the experimental data also surpassed the predicted values with the correction given by the adjustment factor.
A central issue is to determine whether this better prediction of the experimental data with inclusion of an adjustment factor is significant for the correction of eye aberrations and whether variations in the ablation depth when the adjustment factor is considered can be resolved by the current refractive-surgery lasers. The average differences in corneal asphericity when the adjustment factor was used, with respect to the Munnerlyn formula without considering this factor, ranged from Dp 0.07 to Dp 0.1 for a 0.62 and a 1.14, respectively (Table 1) . Manns et al. 9 demonstrated that, when the Munnerlyn formula is applied, the relationship between variations in the ablation depth, Dz͑ y͒, and postsurgical asphericity variations, Dp 0 , for a 6-mm ablation diameter is given by
where R 0 is the postsurgical radius. A tolerance of one-quarter wavelength (Rayleigh's quarterwavelength rule 10 ) in the aberration corresponds 9 to 0.33 and 0.21 mm for y 1 mm and y 2 mm, respectively, for a wavelength of 550 nm. According to our results, the smallest difference in corneal asphericity in the Munnerlyn formula with and without the adjustment factor was Dp 0.07 for a 0.62. If we apply Dp 0.07 in Eq. (5) for an R 0 of 8.4 mm (final average radius 5 for a myopic subject with 25 D), we get values for increases in ablation depth of Dz 1.05 mm and Dz 0.7 mm for y 1 mm and y 2 mm, respectively. These ablation values clearly exceed the quarter-wavelength tolerance criterion, indicating that the possible improvements as a result of the adjustment factor are signif icant for correction of aberrations. For higher a values, the values of ablation increases would be even higher. In addition, although laser technology improves daily 10 (beam size, for example, tends to diminish, thereby improving laser precision), these values of increase in ablation depth are greater than the precision of the current ArF excimer lasers, which is roughly 0.25 mm͞pulse. Table 1 shows that the percentage of correct predictions of corneal asphericity is higher when the adjustment is used than when it is not. The rise in the percentage of correct predictions ranges from 6.1% to 10% for a 0.61 and a 1.14, respectively. Despite the increase in the percentage of correct predictions of corneal asphericity when the adjustment factor is used, the correct predictions never reach 100% (see Table 1 ). This result is due to possible inf luence on the laser ablation of other factors mentioned above: decentration, type of laser, optical role of the f lap, wound healing, biomechanical effects, and technical procedures. Therefore we believe that it is also important to investigate these and to quantify (with the aim of also providing correcting factors) as well as to minimize their inf luence. We also studied whether our results depended on the degree of myopia and age and found no significant differences.
In summary, we stress that the experimental results of postsurgery corneal asphericity are predicted more accurately when the adjustment factor given by Eq. (1) is considered. This adjustment factor quantifies the inf luence on the ablation patterns of physical factors: nonnormal incidence of the laser and ref lection losses of the laser on the cornea. This factor should be used in laser-ablation algorithms, particularly those of customized ablation, which require low numbers of discrepancies between theoretical and experimental results for the shape of the cornea to achieve effective aberration correction. J. R. Jiménez's e-mail address is jrjimene@ugr.es.
